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@ A wireless PBXA^N system with optimum combining. 
.© A wireless PBX or LAN system is disclosed that allows 
multiple, simultaneous users per channel for communication 
between a base station (20) and a plurality of remote 
terminals 00,12,14... 16) by a combination of adaptive signal 
processing arrays using optimum combining at the base 
station for interference suppression and separation of de- 
sired signals, adaptive power control at the remote terminals 
to keep interference at ecceptable levels, and adaptive 
retransmission with time division in the direction from the 
base station to the remote terminals for communication 
therebetween including sending power control information 
to the remote terminals. The adaptive signal processing 
arrays have a plurality of antennas 010* at the base station, 
permitting a plurality of users in any one channel. If after 

ric. \ 



adaptation a user's signal canriot be received adequately, the 
user is dynamically reassigned to a different channel. 
Interference is minimized by keeping the signals transmitted 
from and received at the base station at the same power 
level. The received signals are kept at the same power level 
by extracting information about the power level of the 
signals received at the base station and by sending power 
control bits beck to the corresponding remote terminal so 
that the signal level from the remote terminal may be 
adjusted either up or down until the power level of each of 
the signals received at the base station is at the same level. 
The transmitted signis are kept at the same power level by 
adaptive retransmission with time division. 
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X WIRELESS PBX/LAN SYSTEM WITH OPTIMUM COMBINING 

Technical Field 

This invention relates to radio frequency 
antenna combining systeins and, in particular, to the 
5 application of such a system to a PBX system or a local 
area network which has no wire interconnecting the 
remote terminals with a base station and in which 
adaptive power control is used at the remote 
transmitters to reduce interference. 
10 Background of the Invention 

A traditional private branch exchange (PBX) is 
used inside a building and has a base station comprising 
a switching system connected, through wiring inside the 
building, to a plurality of remote terminals such as 
15 telephone sets, data sets, teletypewriters, computer 
terminals, and the like. Because of these wired 
connections, moving or adding remote terminals involves 
expensive and time consuming wiring or rewiring. These 
problems can be eliminated by replacing the wiring 
20 between the base station and the remote terminals by 
microwave frequency signals, such as is done currently 
for single users with cordless phones. However, the use 
of multiple cordless phones is not practical for use 
with PBX's because of problems with capacity, adjacent 
25 channel intei f erence , and interference from other 
systems, as described below. 

Currently, cordless phones have been allocated 
only a few channels at about 50 MHz by the FCC. 
Although adequate for residential use, the capacity is 
clearly inadequate for buildings using PBX's. Even if 
more bandwidth were allocated for cordless phones or 
wireless PBX's (for example, the mobile radio band at 
900 MHz) , the use of current phone systems would still 



30 



BNSDOCID: <EP. 



01 84383A2_L> 



V 

- 2 • 

01 84383 

have problemE. 

One problem is adjacent channel interference* 
Present cordless phone systeins have fixed remote and 
base station transmit powers and can operate with signal 
5 power variations up to BO dB at the receiver. Thus, 

such a system with one base station and multiple remotes 
can have received signals differing in power by as. much 
as BO dB at the base station which creates an adjacent 
channel interference problem. , ^ 

10 Another problem is interference from oiher 

nearby systems. Signal propagation in buildings varies 
substantially with the position of the user resulting in 
a high probability that interfering signals from nearby 
systems are stronger than the desired signal. Such 
15 interference could easily block channels, thereby 
reducing capacity or abruptly terminating calls. 

The above discussion also applies to wireless 
local area networks (LAN). 
Summary of the Invention 
20 In accordance with illustrative embodiment of 

the presents-invention the aforesaid problems are solved 
by a combination of 1) adaptive signal processing arrays 
using optimum combining at the base station for 
interference suppression and separation of desired 
25 signals, 2) adaptive power control at the remote 

transmitters to keep interference at acceptable levels, 
and 3) adaptive retransmission with time division in the 
direction from the base station to the remote terminals 
for communication therebetween, including sending power 
30 control information to the remote terminals. That is, 
by optimum combining, signals received by several 
antennas at the base station are weighted and combined 
to maximize a ratio which is obtained by dividing the 
signal power by the sum of the noise and interference 
35 power. This novel combination 1) permits frequency 
reuse with multiple simultaneous users per channel, 
thereby greatly increasing the capacity of* the wireless 
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P»X, or loci «t«« n.twotK, 2) .llmln.t.. th* ptoblwn of 

adjacent channel Interference through adaptive power 
control, and 3) reduces the problem of interference fron, 
other systems through Interference suppressing adaptive 
arrays . 

More particularly, adaptive signal processing 
arrays comprise a plurality of antennas at the base 
station, permitting a plurality of users in any one 
channel. Although the signals from all the remobe' 
terminals are received at a receiver in the base ! ' 
station, the desired signals from the corresponding 
remote terminal are separated by using optimum 
combining. if after adaptation a user's signal cannot 
be received adequately (i.e., the signal is below a 
predetermined threshold), the user is dynamically 
reassigned to a different channel. That Is, if the 
interference is too strong, by dynamic channel 
assignment the user is assigned to a different channel. 

Interference is minimized by keeping the 
signals transmitted from and received at the base 
station at the same power level. The received signals 
are kept at the same power level by extracting 
information about the power level of the signals 
received at the base station and by sending power 
control bits back to the corresponding remote terminal 
so that the signal level from the remote terminal „,ay be 
adjusted either up or down until the power level of each 
of the - signals received at the base station is at the 
same level. The transmitted signals are kept at the 
same power level by adaptive retransmission with time 
division as described below. 

By adaptive retransmission, the base station 
transmits at the same frequency as it receives, using 
the complex conjugates of the receiving weights, with 
time division, a single channel is time shared by both 
directions of transmission by a plurality of users. 
With optimum combining, during transmission from the 
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remote terminals to the b&Ee st&tionf the antenna 
element weights are adjusted to maximize the signal to 
interference plus noise ratio at the receiver output. 
During transmission from the base station to the remote 
5 terminals, the complex conjugate of the receiving 
weights are used so that the signals from the base 
station antennas combine to enhance reception of the 
signal at the desired remote and to suppress this signal 
at other remotes. The advantage of optimum combining at 
10 both the remote and the base station is realized 'by 
using multiple antennas at the base station only. 
Brief Description of the Drawings 

FIG. 1 is a block diagram of a PBX embodying 
the present invention ; 
15 FIG. 2 is a block diagram of the essential 

components of a remote terminal? 

FIG. 3 shows the essential components of the 
base station in block diagram; 

FIG. 4 shows details of a receiver; 
20 FIG. 5 shows a timing diagram; and 

FIG'S 6 to 8 show a flow chart for the 
operation of the base station. 
Detailed Desc ription 

Referring to FIG. 1, there is shown a wireless 
25 PBX system comprising L + 1 remote terminals 10, 12, 14, 
... , 16 which communicate via a single channel at 
microwave frequencies with a base station 20. All 
remote terminals transmit simultaneously, that is, 
during the same period. Likewise, all receive 
30 simultaneously during a different period. Base station 
20 comprises a plurality of M antennas 22, 24, 26, ... , 
28. The M antennas increase the capacity of the system. 
Initially in a PBX system, the number of remotes L + 1 
is less than M. The number of remote terminals may grow 
35 to be equal to M but may never exceed M. Dp to M 
simultaneous users may be permitted on a channel,' 
thereby increasing ths capacity of th* PBX systam over a 
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• ingl* u»*r p«r ehann»l »y»t«n». 

The microwave signalB received at the base 
antennas arc multiplexed at 30 where they are then 
distributed in parallel to the L + 1 receivers 34, 36, 

because each receiver communicates with a 

particular remote terminal. Although signals from all 
terminals are received in each receiver, the signals 
from a particular remote terminal are obtained by using 
optimum combining thereby nulling out the signals ^rom 
the other remote terminals. Finally, the* signals' ' 
detected at a receiver are sent on to PBX switch 42 
Signals from PBX 42 trace the reverse path through the 
aforesaid elements. 

Information about the power levels of the 
signals received from a remote terminal are multiplexed 
into the bit stream prior to transmission from the base 
station. The power bits are extracted at the remote 
terminal where the power level of the signals are 
adjusted up or down for transmission to the base 
station. The power level of the signals are adjusted 
repeatedly until the signals received at base station 20 
are all substantially at the same level. By this method 
both the capacity is increased and the interference is 
reduced. 

Referring to FIG. 2, there is shown remote 
terminal 10 which is typical of the other I. remote 
terminals. In a traditional PBX, terminal 170 is a 
telephone set. But terminal 170 may also be . computer 
terminal, a data set or the like. Signals from terminal 
170 are modulated at IBO. In the preferred embodiment, 
the data bits from the terminal modulate a carrier to 
generate a phase shift keyed (PSK) signal, code symbols 
which are used by the base station to distinguish 
signals from different remotes also modulate a carrier 
to generate an orthogonal PSK signal, and the two 
signals are summed. The power level of the modulated 
Signals is adjusted at 190 in response to power control 
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blt» r*c»iv«d from flexnultipl»x»r 150. Th« tnodulat^d 

signals are then transmitted via antenna 110 to base 
station 20 of FIG, 1. 

Signals from base station 20 of PIG. 1 are 
5 received via antenna 110, filtered and detected at 140 
and then demultiplexed at 150 into two streams: one 
stream represents data and is sent on to terminal 170, 
the other represents power control bits and is sent on 
to power control circuit 190, The power of the Signals 
10 from modulator 180 is stepped up or down by a 

predetermined amount depending on whether the power 
control bit is a 1 or a 0, respectively. By this 
process the power levels of all the signals received at 
base station 20 of FIG. 1 from all L + 1 remote 
15 terminals are maintained at substantially the same 

level. The method of generating the power control bits 
is described more fully bereinbelow. 

Referring to FIG. 3, there is shown an M 
antenna diversity combining system comprising antenna 
20 systems 22, 24 ... 28 at base 20. During any given 

period, all the transmitters at the base station roust 
transmit and all the remotes must receive 
simultaneously, for synchroni zationo Likewise, all 
remotes must transmit and all base station receivers 
25 roust receive simultaneously during the same period. 

That is, all the antennas either receive simultaneously 
or transmit simultaneously under control of PBX switch - 
42 of FIG. 1.. This is illustrated in FIG. 5. 

Referring to FIG. 3 again, microwave signals, 
30 y^(t), are received from the remote terminals at antenna 
220 and passed through circulator 222 to quadrature 
hybrid 240 where the signals are split into their 
inphase and quadrature components. The inphase 
components of the signals are mixed at element 260 with 
35 a microwave frequency carrier signal which is generated 
from local oscillator 250 in order to remove the carrier 
signal I tb# r»0ultant signals mxm filtsrsd at 264 and 
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th«n oonvftrt^d from analog to digital in clemont 266 

before being sent on via 1 rail 271 to multiplexor 30, 
Likewise, signals from local oscillator 250 are mixed at 
280 with the quadrature comi>onents of the received 
microwave signals and then filtered at 284 to remove the 
microwave carrier signal. The filtered signals are then 
converted from analog to digital form before being sent 
on to multiplexer 30 via the Q rail 291, 

These digital signals, along with the i xail 
and the Q rail signals from the remaining M - 1 
antennas, are sent via multiplexer 30 in a serial bit 
stream via fan out circuit 32 in parallel to every one 
of the receiver units 34, 36 40 for processing and 

transmission to PBX 42. In the reverse direction, that 
is when PBX 42 of PIG. 1 is transmitting to the remote 
terminals, signals from receivers 34, 36 • • . 40 are 
summed at 32 for each antenna and demultiplexed at 30; 
thereafter, the signals are sent to the appropriate 
antenna I rail or Q rail. The signal on I rail 271, for 
example, is converted from digital to analog at element 
262 and the analog signals modulate the microwave 
frequency carrier signal from local oscillator 250» 
Likewise, the digital signals from Q rail 291 are 
converted to analog form at element 282. The signals 
then modulate the microwave frequency carrier signal 
from local oscillator 250. The two signals from the I 
rail and the Q rail are combined at quadrature hybrid 
circuit 240 and tbe output signals therefrom transmitted 
via antenna 220 to the remote terminals. 

As stated hereinabove^ the multiplexed stream 
of bits from I rail 271 and 0 rail 291 and the other 1 
rails and 0 rails of the remaining antenna systems 24, 
... , 28 of PIG. 3 is distributed in parallel to each of 
the receivers 34, 36^ ... , 40. At receiver 34, which is 
illustrative of the other receivers and shown in PIG. 4, 
the aforesaid stream is demultiplexed at element 332 
into a plurality of I rail and 0 rail streams x. (t) and 
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X it) f r«spoctiv»lyr Bbown for •a*« in underst«nding mm 

^1' ^1' ^2' ^2' ^3' °3' ' ^M' ^M- * ar^a 

0 rail bits are sent to a plurality of mixers 334, 336; 

33B, 340; ; 342, 344 and to weight generation 

5 circuit 352. Weighting signals , ^ (t) and W^^lt) are 

generated In accordance with optimum combining (in the 
preferred embodiment, the least mean square (LMS) ; 
algorithm, a knovm process) from weight generatioix 
circuit 352 and are sent to the mixers 334, 336; I 3^38, 
10 340; ; 342, 344. 

A major difference between wireless terminals 
in offices and mobile radio is the fading rate. In 
mobile radio the fading rate is about 70 Hz. Thus, the 
weights must adapt in a few milliseconds and the 
15 remote's transmit power cannot be adjusted fast enough 
with feedback from the base station to follow the fading 
- in mobile radio, power control is used to adjust the 
average received power which is averaged over the 
fading. With wireless terminals, however, the fading 
20 rate is much less. For example, at 49 HHz a four mph 
velocity, such as walking with the remote terminal, 
produces a 0.29 Hz fading rate. This means, the weights 
can be adapted much more slowly, making implementation 
of optimum combining via the LMS algorithm on a chip 
25 much easier. Furthermore, because the fading rate is 
less^ the dynamic range of the LMS adaptive array is 
greater. That is, the receiver can operate with higher 
interfierence to desired signal power ratios. 
Furthermore, because adaptive power control c^in be used 
30 to keep the instantaneous received power at a constant 
level rather than the average received power, the level 
of interference at the base station is reduced, and this 
permits greater interference suppression and more users 
per channel. 

35 The weighted signals are then sent on to 

signal combiner 346 where they are summed to obtain the 
desired signal, a^Ct) t from a particular remota terminal 
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•nd null out th» glgr,.!, txom th. oth.r terminal.. Th. 

aesired signals are sent on to detector 350 for bit 
detection. The desired signals are also sent to 
weighting circuit 352. The detected signal is then sent 
5 on to PBX switch 42 of FIG. 1. if the signal is not 
above a predetermined threshold, the remote terminal is 
switched to a different channel. it is assumed that 
there is a signaling channel to all remotes for call 
setup, time division (transmit and receive) 
10 synchronization, and dynamic channel assignment. 

At weight generation circuit 352, the received 
-Ignal. .r« u..d to adju.t the weight, theraby forming 
the first of two adaptive loops. 

Signals to be transmitted from the PBX 42 (of 
FIG. 1) to the remote terminals are sent to multiplexer 
348 where they are multiplexed with the power control 
bits generated from power control circuit 354. The 
power control bits are used by the remote terminals for 
controlling the power level of the signals transmitted 
from the terminals to the base station; this forms the 
second adaptive loop. The multiplexed signals are then 
transmitted through power divider 346 to the mixers 334 
336; 338, 340; ... ; 342, 344 where they are weighted to 
generate the I rail and Q rail signals. The 1 rails 
carry the inphase signals and the Q rails carry the 
quadrature signals. The quadrature weights are, 
however, opposite in sign so that the transmit antenna 
pattern is the same as the adapted received antenna 
pattern. The aforesaid I rail signals and 0 rail ' 
signals are multiplexed at 332 and sent on to summer 32 
of FIG. 3. 

Referring to FIG. 3 again, the multiplexed 
stream of bits from receivers 34, 36, ... , 40 are 
summed at 32 and sent on to demultiplexer 30 where the 
stream is once again demultiplexed into the 1 rail 
signals and the Q rail signals for each of the H 
antennas. 
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A ba»tt station h»» M antennas which permit* up 
to M communication paths over a single channel* Each 
additional channel requires the replication of the 
circuitry shown in FIG'c. 3 and 4 with the possible 
exception of the antennas. That is, the M antennas may 
be shared by all channels. 

The optimum combiner can be described 
mathematically using complex notation. Let the Weight 
vector w is given by 
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where the bar over a letter denotes a complex vector (or 
number in FIG's. 6^ 7^ and 8) and the received signal 
vector X is given by 
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(2) 



The received signal consists of the desired signal, 
thermal noise, and interference and, therefore, can be 
expressed as 



d n 



L 

j-1 



where x^, x , and are the received desired signal, 
a n 3 

noise, and jth interfering signal vectors, respectively, 
and L is the number of interfering signals. 
Furthermore, let (t) and »j(t) be the desired and jth 
interfering signals as they are transmitted. 
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9 • • • (4 ) 



E|«j<t)| - 1 for 1<5<L 
5 Then 7 can be expressed as 



• (5) 



1 -rj 



>f . . (6) 



Where a„d u are the desired and jth interferinc 
s.gnal propagation vectors, respectively ' 

10 corr.l ""^^^^ interference-plus-noise 

10 correlation matrix is given by 



nn * 



( 



(7) 



Where the superscripts * and T denote conjugate and 
transpose, respectively. J y »-e ana 

Assuming the noise and interferlnr, 
15 uncorrelated, it can be shown '"'"^"^"^ «*9nals are 



nn 



r... (8) 



nn d 



»•-. (9) 



Where c< is a constant, which does not affect the 
performance of the optimum combiner, and the superscript 
-1 denotes the inverse of the matrix 'rv, "P^'^S'^'iPt 
25 is given by matrix. The output SINK 
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where 7^ denotes the complex conjugate transpose. 

In the preferred embod liiient , the functions of 
the elements in FIG. 4 are performed by a microcomputer, 
5 The following flow charts shown in PIGs* 6, 7 and 8 aid 
in understanding the operation of the base station.* 
Referring more particularly to PIG. 6r box 1 show;5,that 
the base station receiver is initialized by settiin^ the 
transmitted bit number ^ 1 r to 1 and the received bit 
10 number # n , to 0. The weights are set arbitrarily for an 
initial omnidirectional antenna pattern for the first 
antenna with all the other antennas turned off. The bar 
over the symbols denotes a complex number. The memory 
in the receiver is- then cleared. 
15 The received bit number is incremented for the 

start of the receiving loop. This is shown in box 2, by 
making n«n+l. 

The received signals are inputted and the 
weighted signals are calculated. This is shown in box 
20 3* X- corresponds to !• and corresponds to Q» . 

Ij X X 

The next step is shovm in box 4 where the 

array output Is comprising the sxm of the weighted 
signals is calculated. 

In box 5r the output bit is processed at 
25 detector 350 in accordance with the following decision 
rule: 

if Re ("s (nT)) >^ 0 then a 0 is received; 

if Re ("s (nT)) < 0 then a 1 is received for detection of 
a phase shift )cey (P5K) signal, where Re (*s) denotes the 
30 real part of the complex number s. 

Referring to box 6, the detected bit is 
sent to FBX 42 of PIG. 1. 

Referring to box 1, the code symbol c is next 
inputted. It is assumed that the code symbols at the 
35 base station receivers are synchronized with those in 
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the received signals. 

The reference signal F is calculated from the 
code symbols and the array output, where k is the memory 
of the digital filter in the reference signal generation 
5 loop. This is shown in box 8 in FIG. 7. 

Referring next to box 9 the error signal e is 
calculated from the array output and reference signal. 

The weights for the next received signal are 
calculated for each antenna, where the super scri{>t; • 
10 denotes the complex conjugate, and c( is a constant which 
controls the adaptation time of the receiver. This is 
shown in box 10. 

The aforesaid receiving loop is repeated; that 
is, the next bit is received and processed, unless PBX 
15 42 requests change to the transmitting mode (that is, 
for adaptive retransmission). This is shown in box 11. 

For dynamic channel assignment, if the 
received signal level is below threshold T^ a request is 
sent to PBX 42 for the remote terminal to change to a 
20 different channel. This is sho%m in box 12. 

The power control bit is set to 1 for remote 
terminals to increase the transmit power if the sum of 
weights is above a threshold Tj or to 0 for remotes to 
decrease transmit power. This is shown in box 13. 

The transmit signal input to the array S is 1 
if the transmitted bit is a 0 and -1 if the bit is a 1. 
This is shown in box 14. 

Box 15 in FIG. 8 shows that for each antenna 
the transmitted signal is calculated using the complex 
conjugate of the received weights, where Im (s) denotes 
the imaginary part of the complex number s. 

Referring next to boxes 16 and 17 the 
transmitted bit number is incremented, the next bit is 
inputted, and the transmitting loop is repeated unless 
PBX 42 requests a change to the receive mode. 
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Claims 

1. A wireless system for permitting multiple, 
simultaneous users per channel for communication between a 
base station and a plurality of terminals at locations 
remote from said base . station, said system 

CHARACTERIZED BY 

means for adaptive signal processing at said base 
station for Interference suppression and separation of 
desired signals, 

means for adaptive power control at transmitters 
located at said terminals for reducing interference to 
acceptable levels, and 

means for adaptive retransmission with time 
division in the direction from said base station to said 
terminals for communications therebetween and for sending 
power control information to said terminals. 

2. The wireless system of claim 1 where said 
means for adaptive power control is 

CHARACTERIZED BY 

means for generating power control bits which are 
multiplexed into the data bits transmitted from said base 
station to said terminals for adjusting the power level of 
the signals transmitted from said terminals so that the 
power levels of the signals received at the base station 
are substantially the same* 

3. The wireless system of claim 1 where said base 
station is 

characteri7;ed by 

means for comparing the power level of the signals 
received thereat with a threshold level so that if a signal 
level is below said threshold the signals from the 
corresponding terminal may be reassigned dynamically to a 
different channel. 

4. The terminals of claim 1 
characterized by 

means for receiving power control bits from said 
base station for adjusting the power level of signals 
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transmitted from said terminal so that the power levels of 
the signals received from all the terminals at said base 
station are substantially the same. 
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PIG. 5 

REMOTE TO BA5Ejy_ ^ BASE TO REMOTES 
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ONE BIT 
1 OR 0 



FIG. 6 
BASE STATION FLOWCHART 
( START ) 



jf=l 
n=0 

Wj(0)-Wj,(0)*iW„.(O)=1 1 = 1 

' ^ ' 0 1=2. H 

s (nT)=0.niO 
c {nT)=0.n<0 



3-\ 



n = n+ 1 



FOR 1 = 1. M: 
INPUT Xi(nT)=Xj^(nT)-fJ Xq. (nT) 

Y^ (nT)-Xi (nT).Wj((n-1)T) 



M 

i(nT)= EY|(nT) 
1=1 



A„=( 1-Re{i(nT))/li{nT)|)/2 



6- 
7- 



OUTPUT ^ 



INPUT c(nT) 
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FIG. 7 
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FOR 1=1, M: 
Xi{IT)=i. (IT)-Rj(nT) 
OUTPUT ReCX^ «T)) 
OUTPUT Iin(X^(«T)) 
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